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NUMMARY 

The  resenrch «<oal   <4'  IM, B  ;ro^rnjn  i«  to ««vnluate thi» r«dl«t.on damage 

threihold»    if ne>"l,vTnl;iiii .1. : ««.t   u.nan   .natr muleiiKia  mid  tu ileti'mln^   the 

»•loclated  ilama^t»  m^ctiKn ■ .THU i"     r-.j>Mich  > ■ii.ji-ci ; v»»s   H r^   t,..-. 

1. üei'-nnlne   ihc   ir.ni!   i.sfi   i   bft.^pen active and  paaaive 
damage   threshv Id   eVHluHlionn . 

?. delate  the  i«ji\M^e   Lhr-shwiiis  to »aterlal  homogeneity. 

3- EvaluB^.p damage   tnrephul')   versis   pulse duration. 

U. Determine  the  kinetics of   output degradation «t 20,  30, 
and 50 Joules/cm    average energy density. 

5.        Coordinate with and  furnish samples  to  the  Naval Research 
Laboratory  (flPL)   for c mparative evaluations. 

b. Coordinate with ana  furnish samples  to the National Bureau 
of Standp.rd«  (NBS)   for damage 'neoihanism studies. 

The principal test facility  fur this study is a Q-svitched, neoitymlum 

glass,  la*^r osciliatür-trebble amplifier system developed by Ovena-Illlnols. 

A complete description of the  facility may be  found  in Section 2 of the 

31 January 1970, Semi-Annual Technical Report of the present contract- 

During the work period   1   January l/JO through 30 June 1970    all 

phases of the research program were actively pursued except phase 3» vhich 

involves a determination of the relationship between internal Inclusion type 

damage and pulse duration.     This  rhase  Is being deferred to the succeeding 

12 month extension of the present contract and the initial literature search 

of the thermodynamic analysis     r the melting of laser glasses in platinum 

has replaced it during this  reporting period 

A summary of the actirities  from i January 1970 throuf»1 30 June 1970 

is as  folloirs: 

1.        Twelve third sapiifier rods, melted in platinum, were 
selected equally  from each of two melts and actively 
tested to determine  their inclusion type damage thresholds. 
The peak damage thresholds  varied fiom 18.2 to 31.8 
joules/cm2 for the  first melt and from 16.6 to 53.1 



1. (continued) 

JOUIM/OS? for the second aeit. The avarM« P**k iuu^e 
threaiioida ««re 23 9 mid 32-6 Joulei/em? for the first 
and second BBlts respectiveiy. 

2. An 8H iaproveaent In the inclusion type daaagr threshold 
of platinua aeiteii ]as<>r glnjis ha« been rrnlired in 'hP 
tiae period from Pebrinry J^6Q to Pebrunry l'/lo. 

3*   Active life tests In the third sapilfitr at averege energy 
deneitles of 15  and 30 .joulen/ewP  fur ?>) shot uequencei 
Indicate no systen deterioration in efficiency, beam profile, 
beaa divergence, or pulse duration, although In cme cases 
as feany as 10 to 12 inclualon.* «ere noted in the samples at the 
end of a test. 

k.        Passive daasge measurements or. samples approximately 0.5 cm 
thick by 2 cm square mapped at loox maxni fleet ion with side 
lighting, irradiated, and remapped, have proven unsuccessful 
in generating inclusion sice and type versus damage threshold 
data. The difficulty arises from the small density of in- 
clusions present in the material and from the fact that 
micron to sub-micron sice inclusions appear to be the most 
easily damaged 

9.   A passive test sample, which was visually inclusion free at 
10GK magnificat ion with side light log, subsequently showed 
no internal damage at a peak energy density of 70 Joules/em2. 

6.   The literature search for the thezmodynamic analysis of the 
melting of laser glass in platinum has been Initiated. The 
activity coefficients for 13 binary systems have been found 
to date. Ro data has been found for ternary or higher order 
■ultleosqwnent oxide systems representative of current laser 
glasses. 

2. ACTIVE DAMME TESTS 

Active damage threshold measuremsnts have been obtained for 12 additional 

third amplifier rods selected equally from each of two melts B and C. As for 

the previous asasurements, damage was noted by the presence of a visible in- 

clusion with the sample illimdnated with a microscope lamp. This technique 

easily dmteets 10^ site particles. At the onset of damage one or two damage 

sites «ere noted and they were generally In the order of from lOOp to 200|i 

in sise. Takle 1 st—arises the damage results for melts B and C. The 

-2- 
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JAHIK   1 

ACTWK  IMMACE  '•.UMMARY 

^K1 '   "A"   ('•■-l-nwi   v   11*»>,M 

SAMI'l K AVEHA;;F WMACK VKAK  HAMATE 
Nt). ;IIKK':M '1 I) IMKKSHOl 1) 

  VloiiU'i ' :.^   _ (Joul^s/cm^ 

! H.1 1?.H 
2 1"..^ 17.3 
» 12.n 1'».? 

'• »>. (- 10.4 
S w.H 15.7 
ii :).l' .11.1 

AvffmKe  -   ll.1' Aver/lite  ••   17.8 

ME1T  "B"   (Mctohcr  1969) 

SAMH.E AVFRAnE  DAMACF PEAK  DAMAGE 
N(). ruRRsiKH u FHKESHOI1) 

  (Joules/cm^) (Joul«8/cni2) 

1 23.C 31.8 
2 I1).!' 20.3 
3 16.^ 21.6 
4 18.8 25.9 
5 13.0 18.2 
6 16.4 ;5.7 

Averag« ■  17.') Averaxe - 23.9 

ME1T "C"  (February  1970) 

SAMPIE AVERAGE DAMAGE PEAK DAMAGE 
NO. THRESHOLD THRESHOLD 

(Joules/cm^) 

Al.6 

(Joule«/cm2) 

1 52.6 
2 13.8 16.6 
1 19.6 23.1 

U 26.1 33.1 
5 A«..1' 33.1 
6 13.8 18.6 

Average  -  26.V Averag« -  32.8 



previously reported daaage results, melt At are included Cor reference. 

The tnble indicates both the averr ^e ami  the peak daniHg*  threuiiuids  for 

each rod tested.    As shown,  the highest damage thresholds obtained to date 

have been samples une «nd five of m^lt r whirh ilnm»i«ed «t  I^MK ^n^r^y 

densities of ^2.6 and 53.1 .!'ules '-m'    rf uphill vcly.     i •.   is sign: i'.r«,...  '. ; 

note that the  range of damage  threshold? within n mMt  Is   if the  snme   mler 

as the 8»lt average,  indicating  thnt  th»? dnmag^ sit.ps  Nr«> not unifoi-niiy 

distributed throughout the melt either  In sire,   l imu   n,     r both.    An 

ans lysis of the data also shows that the Hverag? of ih^ i«ak dsmaK"  thresh- 

olds for melt C  is bkf greater  than  the curresi ondlng  figure  for u«»lt A, 

Indicating a significant improvement in melting capnbiLlties in the time 

period from February 1969 to February  1/70. 

It is anticipated that when the thermodynamic analysis of the melting 

enviromwnt is eoapleted, the results will dictate further improvements in 

the coming months. 

3.     LIFE TESTS 

In tbe active damage threshold measurements which have just been dis- 

cussed, laser glass damage is defined as the occurrence of an inhomogeneous 

physical defect within the material resulting from the transmission of a laser 

pulse. Although this Is certainly a meaningful definition, t,ne users of 

laser glass materisls sre more interested in a measure of system periormance. 

An alternative definition of laser glaaa damage, then, is a degradation in 

the output performance of the laser system in terms of some system variables, 

such as efficiency, besm profile, beam divergence, or pulse duration. 

To determine the significance of such a proposed degradation definition 

of las«r glsss damage, rods were actively life tested in the third amplifier 

-U- 
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!''■  :.•■■,;   'i'     I       T   l     ■  •    i     .:■■.;     -v."     -iV'■ •••! •■     .■((.■•■■•y     !   !i;'. I t.y . 

11   i'     ■> '     i1 ■'■;•! i.     '    .:.i •     .■.•■.    r.       y i'..,,..     p.   r 1; , ■ i . ■ r    ru/i",.'    ih.i    I ; r, 11    'I 

' ■■'    ■' '■■i-   ■■' -i ■ : ' .■ '    .'.■   ■ '.'i:      '''    ,■'    I    .      'Ih     ...-.■     ■'   -in   UIMT;   ,,•,    ;.;,   ; )■,,. 

"    ■ '■ '       '   ' i       '■'-■■       ■■:■'■ .■ ■':'..    i ■■   i       ••    -.ii-i   .; ,•.,:         :-t , 

•.•••••;   I :    ' ;•.:.:■■ •    , '   v;.  i ■     ., ,     ■■•.■     ' . I Ly   I ■•:;!.•■!;    t •,/     ;,'     I   ■ 

"■'    'n. i   ' ■..•     -it    ■'' .i   ::     ;•    v.    .••|.-l.  •■r.rrry    i't/.i'y.     ivi'l;  r.'OO  :;h^t 

•'■•i ■■"■'•    '■■"'■'■       i'-: '■    '     !   ivr!'l. .;;>■»■"■    !■•! ..i'i ;■!•■,• i   i,   ii;  •; iTl o i. ■jii'y,   bi;.'un I'rs- 

'"■ '     .    :■   ■'-•■     :;■.■■■••:.■■,       :■;■'.:       >■:,-<'.  ':    •,•'!' !i.   „•.I     ftv ;■.    !    t,     !.?   ■*),■ i..!,;!, ;:,• 

•■■i   •■■■    .(f     ;    ■;.   !!•■   .•.■u:.i !■ :;   T    ' :.■      i, 1    ■;'   t.h.;   t ■.;•.;.     Tl..:.:o   r.:-u\Ui   \v.\v\y 

'::-|"     :' ■('   '!■      ■■.■'■.••   :'     .■••,■   :--'-l !i    -■!'•'        :'    '.'I.-,'!-   ,'i'i.:.-,    :;y;-.( ■ :I!i     i"i';i':ul.-H i i n 

■:.i i ■! ■'•:■■.;' i  ■.'   .'.!.    ; i !   i       M   ; •ir'      ■'    't;;    ■■ ri' ■  t\   ■;;   I'   .■•   i •!:;■•;•  r I :i.;.;   • i'.ij;i;if.''. 

•.    rAr.niVT; DAJ-'A'^ TKr/rn 

At   Mi-'   'U'.V't      ('  !!...'   ■ ;rf'!;t    l-in-T f^lai.'.s   lTjn,i"o iTccrain i.-ii': ■■■i' Die pri- 

i:\ry ;-'"il.'.  via::   '       vi:'•ni >•   ii.-iii;.;! -u  r,\;t'  and  t^T'e VIMT.UJ  'inn'.ip;'!  thresholc1 

lai'i.     T    ■it),ii!.   ']i'\i:   '■ ■.: ,   .■.•ijr.]ii'..-. apiii'dxlmaloly 0.5 ''ir.  t.hii'k by 2 on  square 

•./■:>'o v'l.i r,!;-."!  :IJ; i ISTJ.'-I»:'!  :il    1.0nX j'.-tr.ni L'L jation viUi  rAde llglit.inc«     The 

r;'^:ploo wv.re  Mi-;!,   i rra:' •it'vl  -uid  !-::r.app';cl. 

Aft or i.'va! MM iiu1; r:aiiy  .• i'ii  .virp.lcn,   it muni bo concluded, that  such a 

' ■> dL'i i ;i'i''   I.-  !-.  t   ;i!-'i ■• i ••il.     Fii':;t,    iu.'  to  r.rr.nll dtvriGity of potential dar.a^e 

.■,!'■.; vit'iii,   tip.  !• ■it"fi ■! i ,   i'i'V       ■I'lr.'';; iMiut.  1/<J mapjie'l  to lo'-'ute   the  desired 

irili,'!';'!"'!!' it.ie.-..     Lie-'  ni,  v.-ii ;    ittl.jj.-of/jncIties are loeated they rarely damage 

'/i''!i   i i-fiJ i ■il.'i,   ■••iiii'-r-,   .:i;;'i ll  ni ' r, T,   '   -   sub-r.leroti  size  defects,  v/hich  shovr 

.;   v.''':,   i :'.■    r ' I    I'. ■:Ui i:.;,   ; r.-.'i ■■     H.e' ria.iority  ;jf  the damage  and wash out 

'!!■■     :■' -'■ri:   .;:'•. .     Tiii:'i,  .[M'
1
- , fl.-n   l.-image cecurs  In  areas where the glass 

vn.".   ! I.; ■;1;':1,'   '■    in:   : n •.','is ; 'i:   !''■■■■■.     A'ti'iMpt.s are presently being made   co  locate 

• !. •   :•>;'•; •<.", with i; 1 .."■.fii,l; :■■•   ;■■•!;.■'que,-. but,   if the lowest damaging Inclusions 

I in inn' •'•*■ ■    -    ■"■■ li • •• 



aro  in fV;t, thocu of a inlcrnn \.n  ;:ijh-iiiiiTon c.\:\".,   Mum even  holography 

may nol, have the neocicaary rf.:aolv.l.ri^ powor. 

One passivo dsmnr/.:  moaaurcinoni w-rth notin/;; Is a üair.pl r; wiii''li wir, 

visunlly incluni r.n-f rci; at lODX ivifvi! fl fat i MI i>ri.-..r I i irra.li-ii: M ■,]■■] 

i'.iihr.üquent l.y Mlmwod w ■  'lajr.a,':" al. ^ pijar i.-ri'MV-.;/ 'l-i,;;: I;/ :..r fi  ,i-.H.I.I .■;;/■ ■j-/-'. 

If tills sample Lc indeed inc] usj:.i: l.'i".'- iAvm,   I no lai-M-üy.: throohoid r .'■ 

homogeneous glass is quite hinh. 

5«  SELF-TRAPPING Al ID DURFACfi DAf.AGE TEKTC 

Preliminary self-trapping an.-l r;i;''f'ano 'Ifuiia,";'-' .'1ioasurunen( s hove been 

performed on a 91 ^m long unpumpcl S.'.-UI:]).I.ü.  Tlie na);:pl'"; v/ar; firs!., irradiated 

with the unfocused output of the ■ se.i .1.1 •itrir-ainplificr system and neMdier 

surface or self-trapping damage o^currod for a maximum average '.'nergy 

density of 75 joules/cm'' incident on the front surface of the samrpU;. 

Assuming a beam divergence of 2 milli-radians, tills is equivalent to an 

energy density of 65 ,joulcs/cm on the output surface of the sample. 

Having produced no damage with the unfocused beam, a 2 meter lens 

was placed in the system as shown in Figure 1. With this arrangement, as 

the output energy of the laser was increased the first appearance of damage 

was an orange peel effect on the output surface of the test sample. Examples 

of this type of damage may be found in Figures 2 and 3.     In Figure 2  the 

surface is slightly out of focus to more effectively show the wavinoss, while 

in Figure 5 the surface is in focus .and both the orange peel and pitting 

damage are apparent. Sampling the output surface at several Locations showed 

that this type of damage ociars on the average at an energy density of 136 

joules/cm2. 

As the output energy was further increased, pitting damage began to 

appear on the output face. The onset of such damage on the average occurred 

-6- 
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■'I   ■": cii' r;fy ilüiu-.it.y ;.!'   ihh   ,i-ui.l ■ ■^/'•m' ,   aoiiH.;vrtia1- alv.'V..;  MM   brvi'l   I'ur 

'':1'- ü:.V    i^:.'!.   ku!Kti//j.     Tlh:  .MV] " ■■a fnt. ■■'  of tin-::   f.ypu of f'i.'unnj-ju  at   thrush; TLti 

wrj,  f/.Ti'-.'-ai.ly n.-ti'!;'d  hy  I.hi;   pr'''."-'d''«:  ■■(' ■•}-atAM'   t.ypu   lamayn  GurrL/undi."!. hy a 

;'.il':|i r.i ;;li';wi: i ü I'Mj'jir' \r. h , Lnrv-T v '."■i;-!l : •!' ■ i'a:'.' -I ,": I ;i:;:;.  :'■ • ■■" 

r>,   'ui-i 6 M;' ML- .him;'" |-r:\-r(\".;j .; I'tx-T:! f-hrouli-jLd !.;■. ü>.'veral timu;; Un'urj- 

hold.  N'.' I'ront. r.ui'ra1:'..' danaf;!' WMS nol;d. during tduise tests for a niaxlinuru 

average f-,ni'rf,3r density of .lAO Jonlos/rm'". 

Tl1.ro'i^hout Uici ^urra^'i l.arri-i^u IM.■.•-ting, snlf-trappln,' damage was rutod. 

The trapping ■irunage ■.■•c^urv'.l  an.y^lior'; from l.lic front end. to the tx.it end of 

■he h i 1 i et 'ind getierally oc-urrnn 'iiiLy afd-er <.xit :.;arrae<j damage was lud.ed, 

Si.i •>: that the ■■xlt fae... lam-ig': ■!:■'::: n-.-i' .-ippciar io be trapping limited. The 

nverage trappi a;; tlir'Tdu-ild. was I'^Miid [.■ •  i;e 12Ö joules/cm2.  Figures 7, 8, 

and '.) are (y(.ilea.l of th'; tfappin.- dnm.^-e noted.  As showi, the- bubble type 

damage idiarae tan11 sti-; ally has a 'iiameter uf ;i few tens of microns and the 

spacing hetween huhhlos Is geiier.MJ ly not uniform.  A summary of the self- 

trapping ajid surfaec damage resu.l I s is ; hown in Table 2.    The table primarily 

indicates the rather broad variation in the damage results, especially those 

related to the trapping threshold which varied from 63 to 19^ joules/cm . 

Because of those rather largo variations, this data should be considered as 

tentative only.  Further tests ar : presently being prepared and in the near 

future the range for the damage threshold values will hopefully be narrowed. 

It cannot be Ignored, however, tint, these damage levels are generally higher 

than those previously reported by ■ thers. 
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TABLE 2 

SELF-TRAPPING & 

SURFACE DAMAGE RESULTS 

0RA3GE PEEL 

(Avang« Joulas/cn2) 

134 

171 

112 

113 

147 

SURFACE PITTING 

(Average Joules/cm2) 

123 

154 

150 

150 

TRAPPING 

(Average Joules/cm2) 

83 

63 

170 

194 

12 
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6. APPLICATION OF THERMODYNAMICS TO IASER GLASS MELTING 

6.1  Introduction 

Pt inclusions in laser glass appear to be caused by the migration 

of Pt as the platinum oxide gas, Pt02, and the subsequent reprecipita- 

tion of Pt. Thermodyriamlcs is being applied to the melting procedure 

In order to reduce the partial pressure of PtOp, thereby reducing the 

number of inclusions. 

The Pt metal can be stabilized with respect to it.s oxide by re- 

ducing the partial pressure of O^PQ ).  In stabilizing the Pt metal, 

the oxides in the glass melt are destabilized in favor of their metals 

resulting in the formation of Pt alloys. The following reactions 

illustrate this problem. 

Pt (puiemetal) + 02(ga8) -» PtOg (gas) (l) 

Si (in solid Pt AUoy) + 02(gas) -» SiOg (in laser glass    (2) 
melt) 

As the PQ ia reduced both Si and Pt are stabilized with respect to 

their oxides. It is apparent that the PQ must be chosen so that the 

PptQ is as low as possible without the laser melt oxides being re- 

duced to the metal and attacking the Pt crucible. 

In order to choose the appropriate P. , the follcwing inforaa- 
u2 

tion is required; 

(l) the standard state free energy of Reaction (l); (2) the 

standard state free energy for the reactions similar to Re- 

action (?) for all oxides in the laser glasses; (3) the 

activities of the various oxides in laser glasses; and {k)  the 

activities of the corresponding metals in Pt. Prom the re- 

lationship between the activity of the ith component (a^), the 

mole fraction (x^), and the activity coefficient (ü^): 

-13- 
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a. ■ xj^; it can be ■••n that the activity coefficients of 

the va'ioui eoaponents (A^) may alio be used. 

The standard state free energy of Reaction (l) has been 

determined by Alcock and Hooper: 

AF0 ■ Aruf(Pt02) - 39.270 ± 3k0 - T  (0.93 + 0.21) cal/mole of Pt02 

The standard state free energies for the formation of the common 

oxides in glass have been determined2 and are presented in Table 3» 

The ^f0's correspond to the energy difference between reactants and 

products when the solids and liquids are pure and when the gases are 

at 1 atmosphere pressure. The activities yet to be determined take 

into account the fact that the oxides are in a glass solution and that 

the metals are in a Ft alloy. Rather than reporting the activity of 

a species in the literature, the activity coefficient is the preferred 

variable. 

The foal of this program, therefore, is to determine the iVs of 

oxides in laser glass and the ^'s of the metals of the laser glass 

oxides in Ft. 

6.2  Discussion 

A literature search has been initiated. A preliminary review 

showed that thirty-five authors have done work in the area; they were 

contacted for any additional information. Nine authors have responded 

to date; their replies indicate that the preliminary search was rather 

eoaplete. 

Nine government agencies and twelve private agencies have been 

contacted. Searches are currently underway by Science Information Ex- 

change» NASA, and Aerospace Research Applications Center. 
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6.2 (continued) 

A search through Chemical Abstract« uncovered no tbermo- 

dynaaic Information In addition to the data already obtained. 

Table U indicates the hlnary syalems for whiclj LIK» 

actlYity coefficients have been found to date. 

No data has been found for ternary or higher order muiti- 

component oxide systems representative of the cmplex laser 

13 Ik 
compositions currently used ns Listed in Table 5.  '    One» 

the literature search has been completed, estimates of activities 

in the multicomponent systems will be made based upon the data 

from binary systems. 

6.3 Future Activities 

The program Includes the experimental measurement of activities 

in s laser glass ss «ell as the completion of the literature review. 

The best estimate of activity coefficients will, aid the planned 

experimental work. 
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TABLE I 

COMPOSITIONS {m4)  OF ROME COMMEROIAl,! 
AVAITARLE LASER GLASSES 

OLAsr: 

S:iOs 6^   62   68   3.1    63   6?   T-'   39 

1 P 5 1+ 5 6 

6v 62 68 31 63 6? 

- - 0.5 - - - 

- - - 15 - - 

p 8 6 l 

TiOs 

B203 

Al203 - ? - 8 6    1   1.5 

Sb203 - 1 ? - -     1     -   1.0 

ASpOg _ - - i _      _     _     . 

CaO _ _ _ _ ii     _     _    - 

BaO 5 3 U 42 -     5   5.0  22.0 

rbo - - 1.5 - _   _   _   _ 

ZnO - 2 - - - 

Li20 - 1 _ _ 15 

Na20 7 6 4 - - 

K20 15 18 17 - - 

Nd203 5 5 5 5 5 

Misc. 5 _ _ 1 _ 

* Nd203 was used or similar dopant, such as Er203. Glasses 1-6 
are from reference No. 15, Glasses 7 and 8 F.re from reference l4. 

2 1.5 - 

1 1.0 - 

7 7-5 - 

11 7-5 12.0 

5 k.2* 6.0* 

-18. 



RKPKREriCFC 

1. r-   "■.   Alcd-k -mi :. \-J.  'loo-pt-r,  "Thenrodynamics of the flaseous 
xj-ies of Lit; Pl'itinmr.-'Jroup Metals", RoynL Society Proc. 2^, 

!',U11O11TI '>.:, M. f.. Puroau cf Mines, 1959. 

-i.  I'. -T. 'v^wles, et aj.., ■''umal of the Iron .-ind Steel Institute, 
Feb., V)G\,   l^-i;1!. 

^.  :.. r. Charles, .Tournnl uf the American Ceraräes Society, Vol. 
30, M,). 12 196", 631-61+1. 

')»      if. H. f,ars;>ii 'uid J. Chipman, Acta Metallurgia, Vol. 2, Jan., 
19^, 1-2. 

6.  K. Schwerd .fcior -md A. Muan, Acta Metallurgia, Vol. 12, Aug. 
19&, 905-909. 

7-  A. Muan, TheniRHiyti'imicn. Vol. II, International Atomic Energy 
Agency, Vlennn, 1966. 

8. R. J. Charles, Hiysics -ind Chemistry of Glasses, Vol. 10, 
No. 5, (vt. 1969, 169-17«. 

9. M. Key, Discussicns of the Farady goc. 4, 1968, 257-265. 

10. E. F. Ifeald, Transactions of the Metallurgical Society uf ATME, 
Vol. 259, Sept., 196Y, l55t-I^Ö. 

11. R. W. Taylor and A. Munti, Transactions of the Metallurgical 
Society of AIME, Vol. 224, June, 1902, 500-502. 

12. !!. Rein .and J. Chipman, Transactions of the Metallurgical 
Society of AIME, Vol. 225, Feb., 1965, 415-425. 

13. Rmil W. Deeg, "Toughening a 'Cilass Jaw1 ", Laser Focus, 58-597 
March, 1969. 

14. John F. Kreidl, "The History of the Class Laser", The Glass 
Industry, 555-557, October, 1967. 

-19- 


